The modulation of the North Pacific storm track by tropical convection on intraseasonal time scales (30-90 days) in boreal winter (December-March) is investigated using the NCEP-NCAR reanalysis and NOAA satellite outgoing longwave radiation (OLR) data. Multivariate empirical orthogonal function (MEOF) analysis and case compositing based upon the principal components (PCs) of the EOFs reveal substantial changes in the structure and intensity of the Pacific storm track quantified by vertically (925-200 mb) averaged synoptic eddy kinetic energy (SEKE) during the course of a typical Madden-Julian oscillation (MJO) event.
Introduction
Storm tracks are extratropical regions characterized by strong activity of synoptic-scale disturbances (Blackmon 1976) . Cyclones and anticyclones comprising a storm track are responsible for most of the severe and hazardous weather in winter, such as ice storms, blizzards, and cold-air outbreaks (Rauber et al. 2008) . Storm tracks also play a key role in the global climate system due to the efficient transport of heat, momentum, and moisture by synoptic eddies in the extratropical troposphere in winter (e.g., Blackmon et al. 1977; Holopainen 1990 ). Considerable efforts have been made in the past three decades to investigate the dynamical processes leading to and maintaining a storm track; and in particular, to identify, understand, and simulate the variations of storm tracks on various time scales (for an excellent review of stormtrack dynamics, see Chang et al. 2002) . In the Northern Hemisphere (NH) cool season (October-March), the two major storm tracks-that is, the North Pacific and the North Atlantic storm tracks-exhibit distinctly different subseasonal evolutions. The Pacific storm track tends to attain its maximum intensity in late fall and early spring, while the intensity of the Atlantic storm track normally peaks in midwinter (January-February), in phase with the seasonal cycle of the local baroclinicity of the background flow (e.g., Nakamura 1992; Chang 2003) . The cause of the so-called midwinter suppression of the Pacific storm track has been extensively studied. Processes that have been suggested to contribute to this suppression include the following: 1) trapping of baroclinic waves near the surface due to the steering level drop (Nakamura 1992) ; 2) the dissipative effect of diabatic heating, particularly condensational heating in the eddy potential energy budget (Chang 2001) ; 3) enhanced barotropic damping as a result of strengthened background flow deformation Mak 2005, 2006) ; and 4) suppressed seeding disturbances upstream of the storm track (Penny et al. 2010 ). On interannual time scales, the variability of the Pacific storm track is related to the El Niñ o-Southern Oscillation (ENSO) with the storm track shifting equatorward (poleward) and eastward (westward) in an El Niñ o (La Niñ a) winter (Trenberth and Hurrell 1994; Straus and Shukla 1997) . On decadal time scales, the two NH storm tracks have intensified during the second-half of the twentieth century, although the exact magnitude of the secular trends differs according to the estimates based upon the reanalysis data, radiosonde, and ship observations (Nakamura et al. 2002; Chang and Fu 2002; Chang 2007) . The interdecadal variation of the Pacific storm track is modulated by the Pacific decadal oscillation (PDO) and inversely linked to the strength of the East Asian winter monsoon (Chang and Fu 2002; Nakamura et al. 2002) . As a result of this variability, the ''midwinter suppression'' turned from being very pronounced in the early to mid-1980s to almost nonexistent in the following decade (Nakamura et al. 2002) .
The interaction between synoptic eddies and a corresponding ''mean'' flow (or in a more generalized term, cross-frequency coupling) often proves to be critical in producing and maintaining the mean flow and storm-track anomalies. Through composite and empirical orthogonal function (EOF) analysis, Lau (1988) showed that variations in the winter monthly storm-track field are closely coupled to prominent atmospheric low-frequency modes (also known as teleconnections, Wallace and Gutzler 1981) . For example, changes in the intensity of the Pacific storm track are often accompanied by a dipole structure in the upper-tropospheric geopotential height over the western Pacific (WP), resembling the WP pattern (e.g., Wallace and Gutzler 1981) , while the meridional displacement of the storm track seems to be associated with the Pacific-North American (PNA) pattern. With a dissipative atmospheric model driven by a zonally symmetric forcing, Cai and Mak (1990) demonstrated that there exists a symbiotic relationship between the synoptic-scale and the low-frequency planetary-scale waves. The synoptic waves supply part of the energy they extract from the instantaneous zonal flow to the planetary waves through upscale energy cascade process, while the planetary waves create regions with strong baroclinicity where synoptic waves preferentially intensify. The significance of eddy-mean flow interaction and cross-frequency coupling is also widely recognized in studies that explore the dynamical nature of ''blocking'' or ''persistent anomalies'' (e.g., Dole and Gordon 1983; Trenberth 1986; Dole and Black 1990; Black 1997) and in studies that attempt to understand the phase transition of the annular modes (e.g., Riviè re Gerber and Vallis 2009) .
It is well known that transient eddies constitute a key component in the tropical-extratropical interaction. On one hand, fluctuations in the tropical sea surface temperature (SST) as a source of extratropical variability have been extensively studied owing to the prominence of the ENSO signal (e.g., Horel and Wallace 1981; Mo and Livezey 1986; Straus and Shukla 2002) . The synoptic eddy forcing, in particular, the transient vorticity forcing associated with the storm-track anomalies, plays an essential role in setting up the extratropical response to ENSO because the direct stationary wave response to ENSO in the extratropics is relatively weak (Held et al. 1989; Hoerling and Ting 1994) . On the other hand, midlatitude baroclinic waves can also drive tropical atmospheric motions, as discussed in early studies such as Mak (1969) , Yanai and Lu (1983) , and Zhang and Webster (1992) . Diagnostic work by Kiladis and Weickmann (1992a,b) showed that the intraseasonal variation in the tropical convection over the eastern Pacific is typically associated with the intrusion of troughs from the midlatitudes. Kiladis (1998) further pointed out that Rossby wave activity propagating into the tropical eastern Pacific with midlatitude origins can modulate cloudiness, static stability, and vertical motion in the vicinity of the intertropical convergence zone (ITCZ), contribute to the variability of the ITCZ convection, and excite equatorially trapped Rossby modes. The propagation characteristics of these midlatitude waves depend on the properties of the background flow and can be interpreted using the ray-tracing theory formulated by Hoskins and Ambrizzi (1993) . In particular, a ''critical latitude'' where the zonal phase velocity of the wave approaches the zonal velocity of the background flow acts as a barrier for Rossby wave propagation. This implies that stationary Rossby waves can only propagate into regions with background westerlies. Over the equator, upper-tropospheric westerlies (also known as the westerly duct) exist in winter over the eastern Pacific and the Atlantic, which allows cross-equatorial wave propagation (Tomas and Webster 1994) . On interannual time scales, ENSO strongly modulates the location and strength of the westerly ''duct,'' hence the effectiveness of extratropical forcing on tropical variability. For example, in the El Niñ o winter of 1982/83, the westerlies moved eastward and the wave activity propagating into the central Pacific was largely suppressed (Kiladis 1998) .
In addition to the classic view of the equatorward propagation of extratropical waves, Hoskins and Yang (2000) showed that high-latitude forcing of the tropics can also take the form of a direct projection onto the equatorial waves. This mechanism is potentially important in organizing large-scale, deep tropical convection and initiating the most-pronounced tropical intraseasonal mode-the Madden-Julian oscillation (MJO; e.g., Madden and Julian 1972, 1994) , whose origin was also suggested to be linked to instability of subtropical jets because of the strong coherence found between the tropical and subtropical planetary-scale waves (e.g., Straus and Lindzen 2000) . Lin et al. (2009) identified over the North Atlantic a southward propagation and eastward expansion of upper-tropospheric zonal wind anomalies that are induced by the North Atlantic Oscillation (NAO), suggesting the potential role of extratropical lowfrequency variability in leading to an MJO development.
The response of the extratropical circulation to the MJO in boreal winter has been actively studied in the past 30 years. Early work represented by Weickmann (1983) and Weickmann et al. (1985) demonstrated that the extratropical flow anomaly associated with the MJO variability is characterized by an eastward-propagating wavenumber-1 structure manifesting itself as an eccentric circumpolar vortex expanding (contracting) in regions of enhanced (suppressed) tropical convection. Weickmann et al. (1992 Weickmann et al. ( , 1997 further investigated the atmospheric angularmomentum (AAM) cycle associated with the MJO and discussed the dynamics of the intraseasonal AAM oscillations. Most recently, Egger and Weickmann (2007) showed that during the life cycle of MJO, AAM anomalies of one sign first develop in the tropical upper troposphere and propagate downward and poleward to the subtropics in about two weeks, at which time AAM anomalies of the opposite sign start to appear in the tropical upper troposphere. Matthews et al. (2004) provided a good review on this topic but focused their discussion on the direct response to tropical heating that can be relatively well understood with a barotropic modelthat is, quasi-stationary extratropical waves driven by a time-dependent tropical heat source derived from the observed MJO anomalies (e.g., Zhang and Hagos 2009). Pan and Li (2008) further suggested that synoptic-scale transients play a key role in the interaction between tropical intraseasonal oscillation and midlatitude lowfrequency flow.
It is important to note that synoptic-scale transients (eddies) coming out of a storm track are nonstationary, and their influences on the tropics are not strictly constrained by the presence of an easterly ''barrier'' or a westerly duct (Yang and Hoskins 1996) . In addition, given the observed storm-track variability across multiple time scales and the interaction between synoptic eddies and a large number of extratropical low-frequency modes, understanding the coupling between storm tracks and tropical intraseasonal oscillation becomes crucial to establish a complete picture of the global impact of the MJO. Matthews and Kiladis (1999) presented a pioneering analysis on the interaction between high-frequency transients and the MJO. They showed that during the early phase of the MJO when the enhanced convection is located over the east Indian Ocean, the upper-level Asian-Pacific jet and the tropical easterlies move westward, leading to a ''leakier'' waveguide along the jet and strengthened equatorward propagation of transient eddy activity into the tropical central Pacific. The enhanced convective variability associated with stronger transient eddy activity at the ITCZ projects back onto the intraseasonal time scale and becomes an integral part of the slowly evolving MJO signal. As the enhanced convection moves over the South Pacific convergence zone (SPCZ), a stronger AsianPacific jet (waveguide) extends over the central Pacific suppressing equatorward propagation of wave activity. Note that in this work, ''high frequency'' is obtained through a 6-25-day bandpass filter and does not correspond exactly to the typical 2-8-day time scale of synoptic eddies comprising a storm track-although the authors did mention that the magnitude of the anomalies of the perturbation kinetic energy almost doubled over the North Pacific when a 25-day high-pass filter was used in calculation. Therefore, there is still missing in the literature a comprehensive analysis of the intraseasonal modulation of the North Pacific storm track by tropical convection in boreal winter.
Practical implications of a tropical convection-induced storm-track anomaly include its projection onto regional hydroclimate variability. Myoung and Deng (2009) showed that by affecting coastal cyclonic activity, synoptic eddies existing in the Pacific storm track determine a large portion of the interannual variance of the winter precipitation characteristics in the western United States. Earlier studies, most notably Higgins and Mo (1997) , Mo and Higgins (1998a) , Mo (1999) , and Higgins et al. (2000) , demonstrated that tropical convection plays a vital role in setting up persistent North Pacific circulation anomalies, affecting strength of moisture transport and inducing upper-level divergence-convergence over California; thus, driving the transition between ''dry'' and ''wet'' episodes and the occurrence of extreme rainfall events in the U.S. West Coast. In particular, Mo and Higgins (1998b) pointed out that enhanced tropical convection over the western Pacific (near 1508E) tends to create wet (dry) conditions over the Pacific Northwest and dry (wet) conditions over the Southwest. Jones (2000) and Jones et al. (2004) further showed that extreme precipitation events on both regional (California) and global scales tend to occur more frequently in active MJO phases than in quiescent MJO phases.
The aim of the present study is to 1) quantify the observed Pacific storm-track anomalies during the course of a typical MJO event, 2) identify the key dynamical processes leading to the storm-track anomalies by diagnosing the synoptic eddy kinetic energy (SEKE) budget, 3) investigate the role of the MJO-induced anomalous synoptic eddy forcing in driving the extratropical intraseasonal flow anomalies, and 4) explore the implications of this stormtrack variability for subseasonal prediction of the winter hydrological condition in western North America. Following this introduction, section 2 is a description of the datasets and diagnostic methods used in this study. The development of the storm-track anomalies associated with the intraseasonal variation in tropical convection is presented in section 3, together with a discussion of the potential feedback of storm-track anomalies to tropical outgoing longwave radiation (OLR) variability. The physical processes leading to the storm-track anomalies are examined in section 4 through a SEKE budget analysis with a special emphasis on energy generation due to crossfrequency eddy-eddy interaction (CFEI). Section 5 discusses the role of synoptic eddy forcing in driving the intraseasonal extratropical flow response to MJO and the projection of the storm-track variability onto the subseasonal variation of the winter precipitation over the eastern Pacific and western North America. Conclusions are given in section 6.
Data and methods
The analysis of this study focuses on the most recent 30 winters (December-March, 1979 /80-2008 ). The main dataset used is the National Centers for Environmental Prediction (NCEP)-National Center for Atmospheric Research (NCAR) reanalysis consisting of standard daily atmospheric fields such as zonal-meridional winds and temperature on 17 pressure levels, precipitable water, and surface precipitation on a 2.58 latitude 3 2.58 longitude grid (Kalnay et al. 1996; Kistler et al. 2001) . The daily values of the National Oceanic and Atmospheric Administration (NOAA) OLR (Liebmann and Smith 1996) on a 2.58 latitude 3 2.58 longitude grid are used as the basis for characterizing intraseasonal variations in the tropical convection.
The synoptic eddy components in various fields are obtained by passing the corresponding daily time series at each grid point through a 2-8-day bandpass Lanczos filter with 17 daily weights (Duchon 1979) . The intensity of the North Pacific storm track is then measured in terms of the mass-weighted vertically averaged SEKE between 925 and 200 mb. A 30-90-day bandpass Lanczos filter with 181 daily weights is applied to variables such as daily OLR, SEKE, zonal wind, and precipitation to extract the intraseasonal fluctuations in these fields. The number of weights used in the filter is increased for lower values of cutoff frequencies to ensure a sharp frequency response (Duchon 1979) .
A multivariate empirical orthogonal function (MEOF) analysis is conducted on the 30-90-day-filtered daily SEKE (defined over 58-658N, 1108E-1008W) and tropical OLR field (defined over 158S-58N, 908E-908W) to identify the dominant structure of intraseasonal coupling between the North Pacific storm track and tropical convection. The filtered daily SEKE and OLR values at each grid point are first centered (i.e., temporal-mean removed) and normalized, respectively, by the standard deviation of the filtered daily SEKE and OLR time series at the corresponding grid point. The SEKE and OLR fields are then spatially pooled together to form a new data matrix. EOF modes are obtained through eigenvalue decomposition of the correlation matrix derived from the data matrix. The results of the MEOF analysis turn out not sensitive to small changes in the choice of the SEKE and OLR domain.
Composite maps for multiple fields including the SEKE, precipitation, and various local energy conversion terms are created based upon the time series of the principal components (PCs) obtained in the MEOF analysis. A day is denoted as a ''day 0'' when the anomaly of the daily PC value rises above one standard deviation and is greater than the anomaly values of the days immediately preceding and following that day. A total of 52 day 0s are identified out of the 30 winters being studied. This gives us a set of 52 events for case compositing. Composite daily anomalies of various 30-90-day bandpass-filtered fields, that is, composite ''intraseasonal'' anomalies, are constructed from day 230 to day 130 by averaging the corresponding daily fields across the 52 cases selected. Statistical significances of the composites are assessed through Welch's t test (Welch 1947) . Two periods characterized by pronounced SEKE response to intraseasonal tropical OLR anomalies are identified through the MEOF analysis and designated as period I and II. They correspond to day 27 to day 17 and day 115 to day 129, respectively. Most results of the composite analysis are presented as averages over each of the two periods.
For the SEKE budget analysis, we derive a SEKE equation with terms of energy generation due to crossfrequency eddy-eddy interaction starting from the horizontal momentum equation of transient eddies in pressure coordinates (e.g., Orlanski and Katzfey 1991; Chang and Orlanski 1993) :
In (1) (1) with the sum of their corresponding ''H'', ''I,'' and ''L'' components (e.g.,
, rearranging the terms, and applying the 2-8-day bandpass filter to all the terms, we arrive at the momentum equation of synoptic eddies:
In (2), overbar with a superscript H denotes 2-8-day bandpass filtering; F H and F rH stand for the synoptic eddy components of geopotential and frictional force, respectively.
Taking a dot product of (2) with V H , making use of the continuity and hydrostatic equation in pressure coordinates and rearranging the terms , we obtain the following SEKE equation:
In (3), K H is the SEKE, and v H and a H stand for the synoptic eddy components of vertical velocity and specific volume, respectively. On the left-hand side (lhs) of (3) is the local tendency of SEKE. The first term on the right-hand side (rhs) of (3) represents the threedimensional convergence of energy flux including both time-mean flow advection and dispersion. The second term is the conversion from the time-mean flow kinetic energy to SEKE and is often termed ''barotropic conversion.'' The third term represents the conversion from synoptic eddy potential energy to SEKE, often referred to as ''baroclinic conversion''. The fourth term corresponds to the generation of SEKE due to cross-frequency eddyeddy interaction. The last term on the rhs of (3) is the mechanical dissipation associated with friction. Let
, then we can further decompose the cross-frequency eddy-eddy interaction term in (3) into four parts:
The four terms on the rhs of (4) represent the net production of SEKE due to synoptic-synoptic eddy (HH) interaction, synoptic-intermediate-frequency eddy interaction (HI), synoptic-intraseasonal eddy interaction (HL), and the three-way interaction among synoptic, intermediate-frequency, and intraseasonal eddies (HIL), respectively.
MJO-induced intraseasonal variation in the Pacific storm track
a. Linear modulation of the Pacific storm track by tropical convection
The linearly covarying patterns of the Pacific storm track and tropical OLR on intraseasonal time scales are first identified through a MEOF analysis on the filtered SEKE and OLR field. The top three EOFs account for, respectively, 11.7%, 8.3%, and 6.4% of the total intraseasonal variance in the two fields. The SEKE and OLR EOFs, in terms of the coefficients of regression onto the corresponding normalized PC time series, are shown in Figs. 1 and 2 , respectively. EOF1 SEKE (Fig. 1a) has a monopole structure indicating an increase or decrease of the overall intensity of the Pacific storm track. This mode of storm-track variability is largely independent of the tropical OLR as the amplitude of the corresponding EOF1 OLR (Fig. 2a) is rather weak across the entire tropical region being considered. EOF2 OLR (Fig.  2b ) and EOF3 OLR (Fig. 2c) , on the other hand, indicate an eastward-propagating OLR couplet with the negative anomaly (enhanced convection) located to the west of the positive anomaly (suppressed convection). The center of the enhanced convection moves from about 1108E in EOF2 OLR to about 1608E in EOF3 OLR . According to the multivariate MJO index defined by Wheeler and Hendon (2004) , this movement roughly corresponds to the phase 4-phase 6 evolution of the MJO-related OLR signal over the tropical oceans. The storm-track response, that is, EOF2 SEKE (Fig. 1b) , is characterized by a dipole anomaly over the North Pacific with above-normal SEKE over mid-high latitudes and below-normal SEKE over the subtropical eastern Pacific. The slightly above-normal SEKE is also observed over the tropical-subtropical central Pacific around the International Date Line. The eastern portions of the storm-track anomalies exhibit a general northwest (NW)-southeast (SE) tilt. In EOF3 SEKE (Fig. 1c) , the overall distribution of the storm-track anomaly is displaced northeastward compared to EOF2 SEKE , with a negative anomaly now dominating the mid-high latitudes and a positive anomaly appearing over the subtropical eastern Pacific.
b. Development of storm-track anomalies and their feedback to tropical OLR
The development of the storm-track anomalies during the course of a typical MJO event is further examined through case compositing. Day 0s (please refer to the definition in section 2) are selected based upon the second PC (PC2) time series obtained during the MEOF analysis. Figure 3 illustrates the distributions of the lagged regression coefficients between the intraseasonal tropical OLR anomalies and the normalized PC2 time series. At day 215 (Fig. 3a) , a negative OLR anomaly emerges over the Indian Ocean and a positive anomaly appears over the western Pacific. The amplitude of the negative (positive) anomaly increases (decreases) as this OLR couplet propagates eastward between day 215 and day 15 (Figs. 3a-c) . By day 115 (Fig. 3d) , the positive OLR anomaly has disappeared over the central Pacific and another positive anomaly is found over the Indian Ocean. At day 125 (Fig. 3e) , the negative OLR anomaly reaches the central Pacific and is now located south of the equator. The intraseasonal evolution of the tropical OLR associated with the coupled SEKE-OLR variability (PC2) is thus consistent with the life cycle of a typical MJO event (e.g., Fig. 8 of Wheeler and Hendon 2004) . Figure 4 displays the composite intraseasonal anomalies of SEKE for the two periods defined in section 2. Period I (day 27 to day 17, Fig. 4a ) is centered about day 0, the time of the peak amplitude of the second EOF mode (Figs. 1b and 2b) . During this period, the negative OLR anomaly in the tropics is located over the eastern Indian Ocean and Maritime Continent (Figs. 3b and 3c) . The Pacific storm track strengthens across the North Pacific between 358 and 608N and weakens over the tropical-subtropical eastern Pacific. The slightly enhanced synoptic eddy activity (positive SEKE anomalies) over the tropical-subtropical central Pacific is consistent with the presence of a leakier waveguide over the North Pacific during this stage of MJO as discussed by Matthews and Kiladis (1999) . The major difference is here we focus on eddies with shorter time scales (2-8 days versus 6-25 days). As the negative OLR anomaly moves eastward over the equatorial Pacific, the dipole storm-track anomaly of Fig. 4a propagates northeastward and the relative amplitude of the two centers of action also evolves. In period II (day 115-day 129), the center of the enhanced (Figs. 3d and 3e) . The corresponding SEKE field (Fig. 4b ) now indicates largely suppressed synoptic eddy activity (negative SEKE anomalies) north of 358N and enhanced eddy activity over the tropical-subtropical eastern Pacific. The overall anomaly distribution is almost the same compared to that in period I (Fig. 4a) but with opposite signs. Over the tropical-subtropical central Pacific, the SEKE anomalies are weakly negative at this stage, which is in contrast with the positive values found in period I. The similarities between the period I (II) SEKE composite and the EOF2(3) SEKE demonstrate that 1) the second and third EOF mode indeed reflect, respectively, two consecutive stages during the intraseasonal coupling between the SEKE and tropical OLR, and 2) the response of the North Pacific storm track to the intraseasonal variation in tropical convection is largely linear. In general, this intraseasonal modulation can be described as a northeastward-propagating, amplitude-varying dipole anomaly in the SEKE field. If counting in the weak yet distinct anomalies over the tropical-subtropical central Pacific, the anomalous synoptic eddy activity over the North Pacific is characterized by a tripole pattern.
To explore the potential feedback of storm-track anomalies to tropical convection, we document the temporal evolution of the meridional propagation of synoptic eddy energy across a subtropical zone (158-208N) and compare this evolution to that of the synoptic variability in the tropical (08-158N) OLR during the course of an MJO event. The direction of eddy group velocity is approximately quantified by the barotropic E vector,
, where u9 and y9 are the synoptic eddy component of the zonal and meridional wind, respectively, and overbar indicates time averaging (Hoskins et al. 1983) . Figure 5a is a longitude-time plot showing the anomalies of the 2-8-day bandpass-filtered tropical OLR variance (contour) between day 215 and day 130 together with the corresponding anomalies of the meridional component of the 250-mb E vector (E y ) averaged over 158-208N (color shading). Between 1408 and 1708E, during the period day 215 to day 110, the equatorward propagation of synoptic eddy energy (negative values of E y ) leads an enhancement of the tropical OLR variability by about 3-5 days. After day 110, the sign of E y changes and poleward propagation of eddy energy is now evident across the subtropics between 1408 and 1708E. This propagation also slightly leads the suppressed tropical OLR variability between day 112 and day 130. In Fig. 5b , the tropical OLR variance is replaced with the 30-90-day bandpass-filtered OLR anomalies. A comparison between Figs. 5a and 5b indicates that enhanced (suppressed) synoptic variability of OLR is typically associated with negative (positive) intraseasonal anomalies of OLR except for a region around 1708E between day 110 and day 125. The equatorward propagation of the synoptic eddy energy identified between day 215 and day 110 over 1408-1708E thus suggests a positive feedback of the storm-track response to the eastward advance of the MJO-related OLR signal in the tropics, in terms of both its synoptic variability and intraseasonal anomalies. Similar behavior for transient eddies with lower frequencies was discussed by Matthews and Kiladis (1999) . No distinct feedback process is found for longitudes east of 1708E or after day 110.
Energetic processes contributing to storm-track anomalies
The local SEKE budget is analyzed with Eq. (3) and (4) to identify the key energetic processes contributing to the composite anomalies of SEKE in periods I and II (Fig. 4) . The discussion is focused on the four main conversion terms on the rhs of (3)-namely, the energy flux convergence (EFC), barotropic conversion (BT), baroclinic conversion (BC), and the generation of SEKE due to CFEI. The CFEI term is further decomposed into HH, HI, HL, and HIL (please refer to the definitions in section 2) to identify the most important component of the cross-frequency eddy-eddy interaction. Since energy conversion terms represent only the ''tendency'' of the local SEKE, the composite intraseasonal anomalies of these terms are time shifted and constructed for periods preceding previously defined periods I and II. Specifically, the energy composites for period I (II) are averages over day 212 to day 12 (day 110-day 124) and are shown in Fig. 6 (Fig. 7) . Figures 6a-e correspond to the mean SEKE tendency, EFC, BT, BC, and CFEI, respectively. The mean SEKE tendency in Fig. 6a has a distribution very similar to that of the SEKE anomalies of period I shown in Fig. 4a , which demonstrates that the choice of the averaging period for energy conversion terms is appropriate. The magnitudes of the anomalies of EFC, BC, and CFEI are comparable, indicating equally important contributions to the SEKE tendency by all three processes. It is also worth noting that the values of the individual conversion terms are typically an order of magnitude larger than those of the mean SEKE tendency, implying substantial cancellations among various conversion terms.
In Fig. 6a , an above-normal growth rate of SEKE is found north of 408N, extending from the northwestern North Pacific to western North America. This abovenormal growth is collectively contributed by positive anomalies of BC over the northwestern North Pacific east of Japan (Fig. 6d) , positive anomalies of CFEI over the eastern Pacific (Fig. 6e) , and positive anomalies of EFC over western North America (Fig. 6b) . The belownormal growth rate of SEKE over the subtropical eastern Pacific is largely associated with the negative BC anomalies over 1808-1308W (Fig. 6d ) with secondary contributions from EFC (around 1408W, 258N, Fig. 6b ) and CFEI ( around 1308W, 208N, Fig. 6e ). The BT anomalies (Fig. 6c) are concentrated around 408N, generally negative, and have smaller amplitudes compared to other conversion terms. They have minor negative (positive) contributions to the SEKE tendency north (south) of 408N. After comparing the four components of the eddy-eddy interaction term (i.e., HH, HI, HL, and HIL), we found that the interaction between synoptic eddies and HL dominates the CFEI anomalies seen in Fig. 6e . Shown in Fig. 6f , the distribution of HL anomalies is approximately characterized by a dipole structure in the zonal direction across the midlatitude North Pacific. It indicates that substantial amounts of SEKE are generated (lost) through the interaction between the synoptic eddy and intraseasonal eddy component of the flow over the eastern Pacific (western-central Pacific).
The mean SEKE tendency in Fig. 7a is also consistent with the SEKE anomalies observed during period II (Fig. 4b) . Similar to the previous period, the below-normal growth rate north of 408N is contributed by negative BC anomalies (Fig. 7d) over the northwestern North Pacific, negative CFEI anomalies over the eastern Pacific (Fig. 7e) , and negative EFC anomalies over the eastern Pacific-western North America (Fig. 7b) . The enhanced SEKE growth south of 408N is primarily associated with positive BC anomalies over 1808-1308W (Fig. 7d ) and positive EFC anomalies over 1608-1108W (Fig. 7b) . The BT anomalies are again weaker compared to other conversion terms and have minor negative (positive) contributions to the SEKE tendency north (south) of 408N (Fig.  7c) . During this stage, CFEI (Fig. 7e) is also dominated by HL ( Fig. 7f) with the signs of the zonal dipole reversed compared to the previous stage (Fig. 6f ). Significant loss of SEKE due to the interaction between synoptic eddies and intraseasonal flow is now seen over the eastern Pacific.
From Figs. 6 and 7, we may conclude that the stormtrack response to intraseasonal variation in tropical convection is generated through nearly equally important changes in the convergence of energy flux, baroclinic conversion, and SEKE generation due to the interaction between synoptic eddies and intraseasonal flow. Both the magnitudes and signs of these three terms have large spatial variations and also evolve during the course of a typical MJO event. Among these processes, EFC and CFEI are, respectively, linked to the properties of a wintertimemean flow and intraseasonal flow anomalies that often appear in the form of barotropic Rossby waves forced directly by anomalous tropical heating (e.g., Matthews et al. 2004) . The significant contribution of HL to the SEKE anomalies thus suggests the importance of the ''direct'' extratropical response to MJO variability in setting up the storm-track anomalies associated with the MJO. The SEKE budget analysis done here serves a first step toward understanding the rather complicated processes of eddy-mean flow interaction and eddy-eddy interaction involved in the development of the extratropical response to MJO variability.
Synoptic eddy feedback to intraseasonal flow and precipitation
In this section, we examine how the storm-track anomalies induced by variation in tropical convection feedback to the intraseasonal flow anomalies over the North Pacific (358N, 1608W) , however, indicates pronounced westerly (easterly) acceleration due to anomalous synoptic eddy forcing. The collocation of the westerly (easterly) acceleration due to synoptic eddy forcing and the westerly (easterly) intraseasonal flow anomalies, particularly over the eastern and northern portion of the anticyclone, suggests a positive feedback of storm-track response to the anticyclonic circulation anomaly over the North Pacific. During period II (Fig. 8b) , a cyclonic circulation anomaly is found north of an anticyclonic anomaly. They are largely forced by the anomalous tropical heating (negative OLR anomaly) over the central Pacific (see Figs. 3d and 3e ), but the synoptic eddy forcing still contributes significantly to the wind anomalies over the eastern and northern portion of the cyclone.
Coastal cyclonic activity in winter largely determines the year-to-year fluctuations in the precipitation characteristics over the western United States. (Myoung and Deng 2009) . Here, as an initial effort to assess the subseasonal downstream control of the Pacific storm track on the western U.S. hydrological conditions, we compare the temporal evolutions of the intraseasonal anomalies of precipitable water and SEKE over eastern North Pacific-western North America during the course of an MJO event. Figure 9a is a time-latitude plot showing the precipitable water (contour) and SEKE (color shading) anomalies averaged over 1358-1208W. The total moisture content over this region is characterized by a three-band anomaly (dry-wet-dry) propagating poleward from day 230 to day 130. The moisture anomalies are largely in phase with those of SEKE, demonstrating the important role played by synoptic eddies in the meridional moisture transport in the extratropics (e.g., Peixoto and Oort 1992) . The three-band anomaly is also evident in the surface precipitation (Fig. 9b) . The SEKE and precipitation anomalies are nearly in phase north of 408N, that is, above (below) normal precipitation corresponds to enhanced (suppressed) SEKE. Around 328N, the precipitation anomaly attains its maximum amplitude about 3-5 days before the arrival of the maximum amplitude of the SEKE anomaly, indicating that a substantial amount of rainfall in this region occurs ahead (east) of the center and in the warm sector of a coastal cyclone. Because of the modulation of the synoptic eddy activity of the Pacific storm track, the eastern Pacific and the coastal region of western North America between 258 and 408N experiences a transition around day 25 from a wet to a dry regime and each regime lasts approximately 25 days (Fig. 9b) . North of 408N, two transitions, dry to wet and wet to dry, occur around day 210 and day 115, respectively. Fig. 6 , but for the period (day 110-day 124) relevant to period II SEKE anomalies.
FIG. 7. As in

Conclusions
This diagnostic study examines the response of the Pacific storm track to the intraseasonal variation in tropical convection characteristic of a typical MJO event in boreal winter. A MEOF analysis conducted on the 30-90-day bandpass-filtered tropical OLR and mass-weighted, vertically-averaged SEKE field reveals a pronounced dipole anomaly of the Pacific storm track propagating northeastward as an OLR couplet moves from the east Indian Ocean to the western-central Pacific. This movement roughly corresponds to the phase 4-phase 6 evolution of MJO according to the multivariate MJO index defined by Wheeler and Hendon (2004) . We further divide the development of the storm-track response into two periods with period I and II corresponding to the days when the center of enhanced tropical convection (largest negative OLR anomalies) is located over the eastern Indian OceanMaritime Continent and the equatorial western-central Pacific, respectively. Case compositing for the SEKE anomalies during these two periods confirms that the storm-track response to the intraseasonal variation in tropical convection can be described as a northeastwardpropagating, amplitude-varying dipole anomaly in the SEKE field. A tripole anomaly pattern in the North Pacific SEKE field is identified if counting in the weak yet distinct SEKE anomalies found over the tropical-subtropical central Pacific. During period I, over 1408-1708E, the anomalous equatorward propagation of transient energy over a subtropical zone (158-208N) contributes to a higher level of synoptic variability in the tropical OLR, which projects into the negative, eastward-propagating intraseasonal anomalies of the OLR. This constitutes a positive feedback of storm-track response to MJO-related variability in tropical convection. A diagnosis of the local SEKE budget shows that three energy conversion processes (i.e., convergence of energy flux, baroclinic conversion, and generation of SEKE due to interaction between synoptic eddies and intraseasonal flow) are nearly equally important in terms of contributing to the SEKE anomalies observed during the two periods. The relative magnitude and spatial distributions of these three conversion terms also evolve during the course of an MJO event. This budget analysis demonstrates significant roles played by eddy-mean flow interaction and eddy-eddy interaction in the development of the extratropical response to MJO variability. Accompanying the evolution of the tropical OLR, an anticyclonic (cyclonic) circulation anomaly in the uppertropospheric intraseasonal flow, and to its south, a cyclonic (anticyclonic) circulation anomaly, develops over the North Pacific during period I (period II). The anticyclonic (cyclonic) circulation anomaly found during period I (period II) is part of a Rossby wave train forced primarily by anomalous tropical heating associated with the MJO. The eastern and northern portions of these circulation anomalies, however, are partly maintained by the anomalous synoptic eddy forcing that is quantified in terms of the divergence-convergence of the barotropic E vector. The last part of the analysis is an initial effort to quantify the subseasonal, dynamical control of the Pacific storm track on the hydroclimate variability over its downstream region. Associated with the SEKE anomalies identified here, a three-band (drywet-dry) precipitation anomaly forms and propagates poleward over the eastern Pacific and the coastal region of western North America during the course of an MJO event. The region between 258 and 408N makes a transition from a wet to a dry regime around day 25 (i.e., when the center of enhanced tropical convection reaches 1108E), with each regime lasting approximately 25 days. North of 408N, two transitions occur at day 210 and day 115, respectively. Future research efforts will include a quantification of the predictive skill resulting from the storm-track modulation of the subseasonal hydroclimate variability in western North America.
